Background: Pancreatic ductal adenocarcinoma (PDAC) remains a highly chemoresistant tumor entity for which no reliable molecular targets exist to predict or influence the success of chemotherapy. Recently, we identified a panel of microRNAs associated with induced gemcitabine chemoresistance in human PDAC cell lines. This clinical study evaluates these microRNAs and associated molecular markers as prognostic markers of outcome in 98 PDAC patients Union Internationale Contre le Cancer (UICC) stage II undergoing curative surgery with adjuvant gemcitabine chemotherapy. The primary end points of this study are recurrence-free survival and overall survival.
Background
Pancreatic ductal adenocarcinoma (PDAC) remains one of the most deadly cancers in western countries with a median survival below 6 months and a dismal 5-year overall survival rate of less than 5 % [1] . Despite developments in novel diagnostic and surgical techniques over the past decades, only morbidity and postoperative mortality were improved, without significant impact on survival. Lack of early symptoms combined with rapid disease progression result in low resectability rates of about 15 % of PDAC patients with 5-year survival rates below 20 % [2] .
Adjuvant first-line chemotherapy and palliative treatment by gemcitabine have slightly improved the clinical outcome. However, nearly half of the treated patients do not benefit from gemcitabine-based therapies [3, 4] . Chemotherapy response markers are needed to identify PDAC patients who may benefit from adjuvant gemcitabine chemotherapy.
PDAC chemoresistance is acquired through multiple molecular pathways and genetic alterations affecting cell cycle, apoptosis, and intracellular drug accumulation. Especially, members of the ATP binding cassette (ABC) superfamily including multidrug resistance (MDR)-1 P-glycoprotein, multidrug resistance protein (MRP)-1, and breast cancer resistance protein (BCRP)-1 have been shown to mediate resistance against several anticancer drugs by enhanced drug efflux across cellular plasma membranes [5] . Deoxycytidine kinase (DCK), a key activator of gemcitabine, and its regulator Hu antigen R (HuR) have been identified as powerful independent prognostic factors for PDAC patients undergoing adjuvant gemcitabine therapy [6] [7] [8] . Further, mutations and epigenetic downregulation of phosphatase and tensin homolog (PTEN), a tumor suppressor and the most important negative regulator of Akt/PI3K signaling, are regarded as crucial for PDAC development and chemoresistance [9] .
Although a number of molecular players have been connected to chemoresistance, their clinical impact remains controversial [10] .
We previously identified a panel of microRNAs associated with induced gemcitabine chemoresistance in human PDAC cell lines: Two PDAC cell lines were treated by repeated pulsatile gemcitabine treatment to induce acquired chemoresistance. Global microRNA profiling identified a panel of 16 significantly and concordantly dysregulated microRNAs in both chemoresistant PDAC cell clones [11] .
In this clinical study, our aim was to validate these microRNA candidates as prognostic markers of chemotherapy response to gemcitabine in patients with resected PDAC stage II according to the Union Internationale Contre le Cancer (UICC).
Results

Clinicopathologic factors and chemotherapy response as survival markers
A total of 91 PDAC patients UICC stage II with curative pancreatic head (82.4 %) or left resection (17.6 %) and 13 patients with benign, noninflammatory pathology were analyzed (Table 1) . Seven of initially 98 PDAC patients with an in-hospital-mortality of ≤30 days were excluded. The median age at diagnosis was 66 years, and the male to female ratio was approximately 1. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , p = 9.0791E-13 and 7 months, 95 % CI 5-9, p = 1.565E-15). Improved overall survival was even shown in patients with poor chemotherapy response vs. no adjuvant treatment (p = 0.0093) (Fig. 1 ). Subgroup analysis of Indication of median overall survival in months and 95 % confidence interval (CI). p < 0.05 indicates significance response to chemotherapy groups (group II vs. III) revealed no significant differences in the distribution of clinicopathologic factors (Table 2) .
MicroRNAs as markers of chemotherapy response and survival
Macrodissected PDAC tissue of patients with poor (n = 39) and good chemotherapy response (n = 25) was evaluated by quantitative real-time PCR (qRT-PCR) for the expression of in vitro chemoresistance-specific microRNAs (Fig. 2 , Table 3 ). MicroRNA-21 (p = 4.3817E-07), microRNA-31 (p = 0.0003), microRNA-99a (p = 0.0406), microRNA-100 (p = 4.0492E-08), microRNA-125b (p = 0.0001), microRNA-138 (p = 0.0301), microRNA-147b (p = 0.0028), and microRNA-210 expression (p = 0.0044) were significantly upregulated in PDAC stage II vs. benign controls. Further, microRNA-148 was significantly downregulated in PDAC tissues (p = 3.9814E-09). Expression of in vitro dysregulated microRNA-376a, microRNA-330-3p, microRNA-330-5p, microRNA-378d, microRNA-422a, microRNA-455-3p, and microRNA-486-5p did not differ between PDAC and control.
After normalization to benign noninflammatory controls (n = 13) by the ΔΔCt method, poor adjuvant gemcitabine mono-chemotherapy response was significantly related to overexpression of microRNA-21 (p = 0.0366), microRNA-99a (p = 0.0163), microRNA-100 (p = 0.0157), and microRNA-210 (p = 0.0252) (Fig. 3) .
Kaplan-Meier survival analysis revealed significantly improved overall survival and recurrence-free survival rates in PDAC patients with low expression of microRNA-21 (cutoff 4. (Table 5 ). These microRNAs did not correlate significantly with standard clinicopathologic parameters or immunohistological markers (data not shown).
Classic immunohistological PDAC chemoresistance und survival markers
Corresponding formalin-fixed paraffin-embedded (FFPE) sections of our study groups with 91 patients with PDAC UICC stage II and 13 patients with pancreatic cystadenoma or papillary adenoma (total n = 104) were evaluated immunohistochemically by tissue microarray for the expression of the tumor suppressor PTEN, the gemcitabine metabolism regulators DCK and HuR, and the ATP transporters MDR-1, MRP-1, and BCRP-1, as well as the tumor angiogenesis marker vascular epithelial growth factor (VEGF)-1. MDR-1 (p = 0.0426) and BCRP-1 (p = 0.0378) overexpression as well as PTEN (p = 0.0394) underexpression correlated significantly with poor chemotherapy response in PDAC patients. VEGF-1 was significantly downregulated in PDAC tissue vs. benign controls (p < 0.0001) (Fig. 5, Table 4 ).
Kaplan-Meier survival analysis revealed significantly improved overall survival and recurrence-free survival rates in PDAC patients with high expression of PTEN (p = 0.0007 each) and low expression of MDR-1 (p = 0.0163; p = 0.0015) and BCRP-1 (p = 0.0047; p = 0.00003) in the adjuvant setting (Fig. 6 ). Univariate Cox regression (Table 5) .
Identification of independent prognostic factors by multivariate analysis
Multivariate Cox regression overall and recurrence-free survival analyses identified microRNA-21 (p = 0.0064; p = 0.0338), microRNA-100 (p = 0.0045; p = 0.1683), and MDR-1 (p = 0.0003; p = 0.0021) as unfavorable prognostic factors while PTEN (p = 0.1008; p = 0.0211) was a favorable Benign, noninflammatory pancreatic specimens of patients with pancreatic cystadenoma or papillary adenoma served as controls. All data are given as median ΔCt level expression differences in percent. p < 0.05 indicates significance prognostic factor in resected and adjuvantly treated PDAC UICC stage II patients ( Table 6 ). As combinations of microRNAs are likely to provide more accurate prognostic information, the most accurate subset of variables (microRNA-21, -31*, -99, -100, -125b, -138, -147b, -148a, -210, and -376a) was identified using multivariate survival analysis with a forward stepwise variable selection procedure based on the likelihood ratio. Co-expression of microRNA-21 and microRNA-100 as remaining independent prognostic factors results in a hazard ratio of 2.620 (95 % CI 1,251-5,487) and 3.543 (95 % CI 1.504-8.345), respectively.
Discussion
As pancreatic cancer surgery and perioperative treatment have significantly improved over the past decades, today, resistance to chemotherapy and chemotoxicity remain as important aspects of treatment failure in resectable PDAC patients. The high mortality of locally advanced and metastatic PDAC could be reduced by increasing susceptibility to adjuvant gemcitabine chemotherapy. Currently, no tissue biomarkers are available to guide therapeutic strategies or predict prognosis and chemotherapy response in PDAC patients.
Several prognostic clinical factors of survival have been identified in PDAC patients [12, 13] . In accordance with the literature, low tumor grading and adjuvant gemcitabine chemotherapy were correlated to improved survival in PDAC UICC stage II patients in this study. However, with the exception of adjuvant gemcitabine treatment, none of the investigated clinicopathological parameters were independent prognostic markers in the adjuvant setting. Instead, we identified microRNA-100 and microRNA-21 with its targets PTEN and MDR-1 as independent prognostic survival and chemotherapy response markers in PDAC UICC stage II patients.
The oncogenic role of microRNA-21 in PDAC patients and its association with poor survival and induction of chemoresistance to gemcitabine is already well known [9, 14] . Increased microRNA-21 expression has been shown to promote chemoresistance through repression of the tumor suppressor PTEN and decreased expression of programmed cell death 4 (PDCD4). Interestingly, decrease in PDCD4 levels in turn increases the expression of apoptosis inhibitors and the multidrug resistance protein MDR-1 [15] [16] [17] . In this study, high expression of PTEN and low expression of MDR-1 was accompanied by significantly improved overall and recurrence-free survival as well as chemotherapy response. However, the clinical significance of MDR-1 expression in human PDAC is controversial. Some research groups failed to demonstrate MDR-1 expression in PDAC tissues, whereas other studies showed a common and high MDR-1 expression potentially contributing to the chemoresistant biology of PDAC [5, [18] [19] [20] [21] . VEGF has been reported as a tumor angiogenesis marker in PDAC, positively correlating with microRNA-21 expression [9, 22] . However, the significance of VEGF in tumor neoangiogenesis and progression in PDAC is still unclear. Literature on the prognostic value of VEGF in PDAC shows conflicting findings, and phase II-III clinical trials did not reveal any benefit from combined gemcitabine anti-VEGF PDAC treatment [23] . Our data could not confirm a prognostic role of VEGF in PDAC.
We validated several microRNAs in clinical tumor samples that we had previously identified to be dysregulated in vitro [11] . The identified chemoresistanceassociated microRNAs 99a, 100, 125b, and 210 are already known as potential oncogenes in PDAC. In smaller clinical studies, microRNA-210 has been reported to be overexpressed in PDAC patients and associated with a worse outcome [24] . microRNA-99a and microRNA-100, two members of the microRNA-99 family, were found to be overexpressed in PDAC tissue compared with normal pancreatic tissue and chronic pancreatitis [25] . Overexpression of microRNA-125b was demonstrated in prostate cancer, glioblastoma, and drug resistance in pediatric leukemia and breast cancer [26] [27] [28] [29] . Interestingly, co-overexpression of miR-125b, miR-99a, and miR-100 was reported in different cancers suggests possible co-regulation of these miRs in chemoresistant PDAC as well [30, 31] .
In addition to microRNA-21, microRNA-100 remained as a further independant prognostic survival and chemotherapy response marker in multivariate analysis. Further multi-center studies with a larger number of PDAC patients are required to reevaluate the impact of microRNA-99a, microRNA-125b, and microRNA-210 as independant survival predictors. 
Conclusions
We have identified a panel of microRNAs that could serve as survival and chemotherapy response markers in PDAC patients UICC stage II. In particular, microRNA-21 and microRNA-100 show promise as molecular markers and key regulators for targeted therapies in chemorefractive PDAC patients.
Methods
Patients and samples
A tissue bank and follow-up database are maintained prospectively by the Department of General and Visceral Surgery and the Comprehensive Cancer Center Muenster, University Hospital Muenster, Muenster, Germany. From these, 98 PDAC UICC stage II tumor specimens having Ethical approval for postoperative tissue collection was obtained (Ethics committee, University Muenster, Az: 1IXHai v. 19.9.2001) , and all patients provided informed written consent. All patients underwent radical resection and were assigned to duodenopancreatectomy or left pancreatic resection. Patients that received immunosuppression, neoadjuvant chemo-, or radiotherapy were excluded to avoid potential influences on microRNA expression. Perioperative clinical data, histopathological information, and follow-up data were collected for all patients using the clinical cancer registry. A poor chemotherapy response was defined as a tumor recurrence or a tumor-related death of ≤18 months (cutoff) postoperatively. The cutoff of 18 months was selected due to the median survival of 13-18 months of PDAC patients with curative treatment intent (median split method) [32] . The primary end points of this study were recurrence-free survival and overall survival.
Tumor macrodissection and RNA purification
For each histological sample, a representative hematoxylin and eosin (H&E)-stained section was reviewed by a trained and experienced pathologist. Tissue samples included in this study had >60 % viable cells and <20 % necrosis. Tumor and stromal tissue areas were selectively distinguished with a permanent marker by the pathologist to guide macrodissection. Macrodissection of samples with adenoma was carried out to create benign controls using sample material distant from adenoma. Twentymicrometer sections from each FFPE tissue sample were cut with a microtome and processed immediately. After melting the paraffin block at 65°C for 1 h to liberate the tissue from the surrounding paraffin, separation of the tumor tissue from the stromal area with a scalpel was carried out. Cut sections were placed in 1.5 ml tubes for RNA extraction.
Total RNA enriched in microRNAs fraction was purified through robotic workstation (QIAcube, Qiagen) by using miRNeasy FFPE Kit isolation system following manufacturer's protocols (Qiagen). RNA concentration and purity were assessed by Agilent 2100 Bioanalyzer and RNA 6000 Nano/Pico LabChip (Agilent Tech., Boeblingen, Germany). Samples with RIN >7 were considered intact and used for analysis. RNA was stored at −80°C.
Selection of microRNAs
Sixteen significantly deregulated microRNAs in two human PDAC cell lines (MIA-PaCa-2 and PANC-1) with acquired gemcitabine chemoresistance had been previously identified. Our prior in vitro study with Affymetrix GeneChip miRNA microarray (Affymetrix UK Ltd., High Wycombe, UK) analysis of 1733 human microRNAs and validation by qRT-PCR showed microRNA-21, microRNA-99a, microRNA-100, microRNA125b, microRNA-138, microRNA-147b, microRNA-148a, microRNA-210, microRNA-376a, and microRNA-455-3p to be significantly upregulated, whereas microRNA-31-star, microRNA-330-3p, microRNA-330-5p, microRNA-378d, microRNA-422a, and microRNA-486-5p were significantly downregulated. Bioinformatic analysis and Western blot validation suggested involvement of these microRNAs in pathways controlling cell death and cycle [11] .
MicroRNA expression data were normalized to expression levels of the four housekeeping genes RNU1A, RNU6-2, SNORD68, and SNORD96A selected from a total of ten tested housekeeping genes.
Quantification of microRNAs
qRT-PCR was performed using the miScript PCR system (Qiagen). Total RNA samples (1 μg) were reverse transcribed to complementary DNA (cDNA) using miScript II Reverse Transcription Kit (Qiagen). For each sample, 2 μl of the generated cDNA was mixed with 10 μl 2× QuantiTect SYBR, 2 μl 10× miScript Universal Primer, 2 μl gene specific 10× miScript Primer Assay (for five different miRNAs), and 1 μl nuclease free water. All samples were analyzed in triplicate using Bio-Rad CFX384TM RT PCR cycler (Bio-Rad Laboratories, Munich, Germany) with miScript SYBR Green PCR Kit (Qiagen). No template and minus RT controls were run in parallel. The cycling program involved an initial incubation step of 15 min at 95°C to activate HotStarTaq DNA Polymerase, followed by 40 cycles of denaturation at 94°C for 15 s, annealing at 55°C for 30 s and elongation at 70°C for 30 s. Quantitative miR analysis was performed using CFX Manager Software v2.1 (Bio-Rad Laboratories). Expression of the selected microRNAs was analyzed quantitatively relative to the four housekeeping genes (hg) by the 2 -ΔΔCT method using the equation: relative quantity R = 2 -ΔΔCt , where ΔΔCt = (Ct microRNA − Ct hg) cancer − (Ct micro-RNA − CtT hg) benign and Ct is the cycle threshold [33] .
Tissue array immunohistochemistry
For the tissue microarray (TMA), corresponding H&E-stained sections from each FFPE block were used to define and to mark representative tumor areas by the pathologist, two to four random, representative 2-mm tissue cores were punched from the designated area using a biopsy needle and inserted in a grid pattern into a recipient paraffin block using a tissue arrayer [34] . The final TMA contained 44 tissue cores processed in duplicate. Four-micrometer-thick sections were cut from each completed TMA array block and transferred to silanized glass slides. Sections from these arrays were then stained with the panel of antibodies: phosphatase and tensin homolog (PTEN) (monoclonal antibody, 1:200, clone NCH-38, Dako, Hamburg, Germany), deoxycytidine kinase (DCK) (monoclonal antibody, 1:5000, clone V9, Dako, Hamburg, Germany), HuR, MRP-1, MDR-1, BCRP-1, VEGF-1, and lymphatic endothelial marker D2-40. These antibodies were chosen based on their use as markers of tumor suppression, gemcitabine transport, and metabolism [5, 6, 8, 9, [35] [36] [37] .
All immunohistochemical TMA studies were performed by the avidin-biotin-peroxidase complex method of Hsu et al. [38] For immunostaining, the Dako Autostainer Plus S3400 and the Dako Real Detection System (Alkaline Phosphatase/RED, Rabbit/Mouse, K5005) were used according to the manufacturer's instructions (Dako, Hamburg, Germany). Briefly, after dewaxing and epitope recovery for 35 min at 98°C, endogenous peroxidase activity was quenched by Dako Real Peroxidase-Blocking Solution for 10 min at room temperature. Afterwards, slides were incubated with primary antibodies and diluted in Dako Real antibody diluent, for 25 min. This step was followed by incubation with Dako Real Link, biotinylated secondary antibodies (20 min), incubation with Dako Real Streptavidin Alkaline Phosphatase (20 min), and visualization by RED chromogen (2 × 8 min) using the Dako autostaining system with appropriate controls for each run. Finally, slides were counterstained with Mayer's hematoxylin and dehydrated in graded alcohols. Positive controls were included in all experiments using the same experimental conditions. A negative control was prepared by the same staining procedure without primary antibodies.
Immunohistochemical staining was evaluated semiquantitatively, according to the percentage of cells showing specific immunoreactivity. Two independent investigators evaluated, in a blinded manner, antibody staining using light microscopy (Eclipse E1000M and NIS-Elements D3.1 imaging software, Nikon, Tokyo, Japan) and a scoring system with a scale ranging from 0 to 4+ [5] . Disagreements were resolved by joint review. For each case, the core with the highest percentage of tumor cell staining was used for analysis. Grade 0 was defined as complete absence of staining. Grade 1+ was defined as a low positive staining up to 25 %. Grade 2+ was defined as a moderate positive staining density of ≥25 but <50 %. A positive high staining density ≥50 % but <75 % of cells was defined as grade 3+. Finally, a positive staining density ≥75 % was assessed as grade 4+. Staining intensity was scored as weak, moderate, or strong.
Statistical analysis
Statistical analysis was performed with the SPSS® Statistics Version 22 (IBM Corp. Armonk, NY) for Windows®. Data were expressed as medians of mean normalized expression with standard deviation (SD). Statistical significance was determined by using the two-tailed Student's ttest to compare two data sets.
Box-and-whisker plots demonstrating the median (middle quartile) were used to show normalized microRNA expression data ) in the different therapy response groups. The middle half of a data set falls within the interquartile range represented by the width of the box. The whiskers indicate variability outside the upper and lower quartiles. The grand mean representing the overall mean of all data combined is displayed as a horizontal line across the entire graph. Comparison between gene expression and categorical variables was conducted using the nonparametric Mann-Whitney U test or the KruskalWallis test to test more than two groups. To test the correlation between the clinicopathological data and the expression of the microRNAs, we used the Fisher twotailed exact test and whenever appropriate the χ 2 test. All of the variables were dichotomized. For analysis of follow-up data, life table curves were calculated using the Kaplan-Meier method. Log-rank test was used for comparison of relapse-free survival rates and survival rates between the groups with high and low microRNA or TAM marker expression in PDAC tissue compared to benign controls. For the identification of the best cutoff value for a supposed prognostic variable the log-rank test was performed for all observed values within the entire data set according to LeBlanc et al. [39] The primary end points were disease-specific survival or relapse-free survival, as measured from the date of surgery to the time of the last follow-up or cancer-related death or tumor relapse, respectively. Data of patients who were still alive and without evidence of tumor relapse at the end of the study were censored. A Cox proportional-hazards regression model was used to estimate hazard ratios and 95 % confidence intervals (CIs) and to perform multivariate survival analysis using a forward stepwise variable selection procedure based on the likelihood ratio. Variables with significant p values in the univariate analysis were included in the multivariate analysis. p value <0.05 was considered to be statistically significant. Housekeeping gene selection was performed by geNorm software (Biogazelle NV, Zwijnaarde, Belgium), a popular algorithm to determine the most stable reference (housekeeping) genes from a set of tested candidate reference genes (n = 10). The gene expression stability measure (M) for a reference gene is calculated by geNorm as the average pairwise variation for that gene with all other tested reference genes. Housekeeping genes with an average expression stability M ≤ 0.5 were considered to have a high target reference stability [40] . By this way, we identified four housekeeping genes for accurate microRNA qRT-PCR data normalization. 
